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Human-caused environmental change will have signi cant non-lethal and indirect
impacts on organisms due to altered sensory pathways, with consequences for
ecological interactions. While a growing body of work addresses how global ocean
change can impair the way organisms obtain and use information to direct their
behavior, these efforts have typically focused on one step of the pathway (e.g.,
reception of a cue/signal), one sensory modality (e.g., visual), or one environmental
factor (e.g., temperature). An integrated view of how aspects of environmental
change will impact multiple sensory pathways and related ecological processes is
needed to better anticipate broader consequences for marine ecosystems. Here,
we present a conceptual synthesis of effects of global change on marine sensory
ecology, based on a literature review. Our review supports several predictions for how
particular sensory pathway steps production, transmission, and reception/processing
of cues/signals are affected by environmental change. First, the production and
reception/processing of multiple modalities of cues/signals are vulnerable to multiple
global change stressors, indicating that there are generalizable mechanisms by which
environmental change impairs these pathways steps, leading to altered sensory
pathway outcomes. Factors that enhance organismal stress as a whole may amplify
impacts to these sensory pathways. Second, global change factors tend to affect
speci ¢ modalities of cue/signal transmission. Consequently, local impacts on ecological
processes linked with cue/signal transmission will vary depending on environmental
stressor(s) present and the corresponding sensory modality. Finally, because many
ecological and evolutionary interactions rely on sensory processing, impairment of
sensory pathways may frequently underpin impacts of global ocean change on marine
ecosystems. Effects on individual sensory processes will integrate to shape processes
like mating, predation, and habitat selection, and we highlight new insights on impacts
to ecological interactions by employing our mechanistic conceptual framework.
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INTRODUCTION

Marine organisms access and react to diverse types of information
about biotic and abiotic attributes of their surroundings (Dall
et al., 2005; Schmidt et al., 2010). Di erent modalities, including
visual, chemical, mechanical, and auditory modalities, are
avenues of sensory information (see review by Nagelkerken et al.,
2019). Such information is partitioned into cues and signals.
Cues include both passively occurring abiotic information (e.g.,
temperature) as well as information released unintentionally
by organisms. In contrast, signals are deliberately produced
by organisms and have evolved to elicit a response from the
receiver, de ned as a recipient organism (Schmidt et al., 2010).
The presence, strength, and variation of cues and signals can
aid organisms in decision-making (Kingsford et al., 2002) and
can therefore critically mediate many ecological processes in
the marine realm, such as predator-prey interactions, mate
choice, habitat selection, aggregation activities, long distance
navigation, and larval settlement (Zimmer and Butman, 2000;
Connaughton et al., 2002; Kingsford et al., 2002; Lohmann
et al., 2008; Strod et al., 2008; Hay, 2009; Munday et al., 2009).
Consequently, changes in availability and use of cues/signals will
have rami cations that could manifest at scales from individuals
to ecosystems (Schmidt et al., 2010; Wong and Candolin, 2015;
Nagelkerken and Munday, 2016). Marine sensory ecology the
study of how marine organisms obtain and use information to
direct their behavior and how this information in uences the
interactions and distributions of species can provide a lens
through which to examine the many underexplored non-lethal
and indirect impacts of global ocean change (Gilman et al., 2010;
Schmidt et al., 2010).

Organisms disseminate and gather information from their
environment using sensory pathways composed of four steps:
production, transmission, reception/processing, and response
(Figure 1), and these steps serve as the framework for
our literature review and discussion. We use the term
pathway to refer to these four steps, which is a distinct and
separate de nition from a physiological pathway composed
of various biomolecules and contained within an organism.
Sensory pathways involve multiple organisms as well as the
environment as a medium for information transfer. Each
sensory pathway begins with production, the process by
which cues and signals are generated. Next, transmission
occurs, where cues/signals propagate through the environment
to the recipient organism (reviewed by Nagelkerken et al.,
2019). During reception/processing, the sensory systems of
the recipient organism detect the cues/signals, which then
undergo neurobiological processing reliant on molecular and
electrochemical mechanisms. The sensory pathway concludes
with a response, a physiological, morphological, or behavioral
reaction (see excellent books: Atema et al., 1988; Bradbury
and Vehrencamp, 1998; Collin and Marshall, 2003). Consider
the interaction between grazing snails (Tegula funebralis) and
predatory sea stars (Pisaster ochraceus) in the marine intertidal
zone as a model example of how a sensory pathway operates.
Sea star predators produce waterborne chemical cues when they
are immersed in tidepools, likely an unintentional consequence

of feeding, metabolism, and/or excretion. As these cues mix
through the water, they are transmitted to the recipient organism
(the snail), where they are detected by sensory receptors and
then processed neurologically. An anti-predatory response then
ensues, whereby snails crawl out of the tidepools to enter a
refuge from predation (Bullock, 1953; Jellison et al., 2016).
Sensory pathways can also be more complex if they incorporate
information from multiple modalities (Figure 1). The generalist
strategy of cue switching or compensation allows organisms
to sustain appropriate decision-making when sensory function
for one modality is impaired or one type of cue is degraded
or less available. In lieu of the impaired sensory modality, the
organism can employ an alternative sensory modality to inform
the same decision-making process (i.e., predator avoidance;
Hartman and Abrahams, 2000; Leahy et al., 2011).

Human impacts on the environment may challenge the
function of sensory pathways. Anthropogenic greenhouse gas
emissions are altering the Earth’s climate, leading to rapid,
sustained global ocean change. Sea surface temperature has
warmed by 0.1 C per decade since 1971 (IPCC, 2013).
Consequently, major ocean circulation systems and climatic
oscillations have shifted in strength and location, with associated
changes in hydrodynamics, upwelling events (e.g., Sydeman
et al., 2014), and strati cation (e.g., Capotondi et al., 2012).
As the upper ocean strati es, subsurface oxygen concentrations
are decreasing, and oxygen minimum zones are expanding
(Bograd et al., 2008; Keeling et al., 2010). The global ocean
is also absorbing 30% of anthropogenic CO, (Sabine et al.,
2004), causing fundamental changes in seawater carbonate
chemistry (IPCC, 2013). For example, surface ocean pH has
decreased by 0.1 units since the Industrial Revolution (Doney
et al., 2008). Emissions of other greenhouse gases are depleting
stratospheric ozone, which increases the ux of biologically
damaging ultraviolet radiation (UVB) to Earth’s surface and to
ecologically relevant depths of the ocean (Smyth, 2011; IPCC,
2013). Additionally, the Earth's water cycle is shifting as climate
changes, resulting in long-term perturbations to cloud cover,
precipitation patterns, and sea ice extent (IPCC, 2013). Altered
precipitation patterns will a ect coastal salinity, turbidity, and
inputs of terrestrial-derived nutrients.

Anthropogenic environmental changes described above occur
at the global ocean scale, but it is ultimately their e ects on
individuals, populations, and species across a variety of spatial
and temporal scales that will in uence ecological processes
(Figure 1). In general, these consequences of climate change
fall into four categories: migration, acclimatization, evolution,
and extinction (O’Connor et al., 2012). Anticipating ecological
impacts is not straightforward because di erent environmental
factors may work in di erent ways to a ect sensory pathways.
For example, two co-occurring environmental stressors may have
antagonistic e ects on the same sensory pathway, as has been
shown for temperature and ocean acidi cation (Nagelkerken and
Munday, 2016). Alternatively, multiple environmental stressors
may act synergistically on sensory pathways. Furthermore, as
noted above, organisms may be able to compensate for an
impaired sensory pathway by switching cue modalities, allowing
them to still gain relevant environmental information and
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FIGURE 1 | Climate change factors affect individual steps of sensory pathways, with cascading impacts on ecological processes at scales of populations,
communities, and ecosystems. (A) The sensitivity of individual pathway steps, as well as how effects on multiple steps combine to shape behavioral outcomes,
mediates impacts of climate change on sensory ecology, with both population- and community-level consequences. Global climate change is composed of a suite
of environmental factors in marine habitats that are shifting (gray box): temperature, carbonate chemistry, oxygen, salinity, ultraviolet radiation, turbidity,
hydrodynamics, strati cation, and nutrients. Ecological impacts of global change, both at the population and community levels, are mediated by sensory pathways
of speci ¢ modalities (e.g., olfaction, vision). For example, disruption of production of olfactory cues may cause recruitment dynamics of coral larvae to change,
resulting in population-level consequences. Disruption of visual cues alters predation success of cormorants, with consequences for dynamics of ecological
communities. (B) Climate change factors impact sensory pathways at individual step(s)
to an impaired response (R). For turban snails, ocean acidi cation disrupts the reception/processing of chemical cues produced by sea star predators. Instead of
crawling out of the tidepool to escape predation, the snails cannot respond appropriately to the cue and experience higher mortality rates (Jellison et al., 2016). (C)
Species that can compensate by switching to a different modality may be more resilient under climate change. When the transmission of visual cues is impaired,
stickleback can switch to rely on olfactory cues for mate selection (Heuschele et al., 2009). Our framework addresses the existing need for a mechanistic articulation
of the interaction between the environment, the cue/signal producer, and the recipient organism to better predict ecological consequences of climate change.

production (P), transmission (T), reception/processing (Rec/P), which leads

respond appropriately (Figure 1). Therefore in order to anticipate
the impacts of global change on marine ecosystems, it is crucial
tounderstand the e ects of multiple, co-occurring environmental
stressors on the sensory pathways of marine organisms.

Research in marine sensory ecology has expanded rapidly
since it was rst discussed in the literature (from 426 papers in
the 1970s to 493 additional papers in 2017 alone, Web of Science,
search term: marine sensory ecology). Likewise, the role of
environmental conditions, including anthropogenic changes to
them, in modulating the outcome of species interactions has been
discussed with increasing frequency (e.g., Sih et al., 2011; Stevens,
2013; Gaylord et al., 2015; Nagelkerken and Munday, 2016;
Kelley et al., 2018). Recent reviews include qualitative coverage of
particular anthropogenic stressors (e.g., temperature and ocean
acidi cation; Nagelkerken and Munday, 2016) or impacts on
individual steps of the sensory pathway (i.e., production and
transmission; Nagelkerken et al., 2019). Nagelkerken et al. (2019)
focus on how temperature, electromagnetism, and salinity, as
well as auditory, chemical, and visual cues, are changing at
various spatial and temporal scales in the marine environment
and provide some examples of impacts on marine species.
Integrating and adding to the growing body of work, we present
here a comprehensive, inclusive, and quantitative consideration
of responses of marine sensory systems to human-induced
perturbations along with accompanying consequences. We
employ our conceptual framework (Figure 1) to specify a
mechanistic interaction between the environment, the cue/signal

producer, and the recipient organism and, in doing so, provide
a new perspective concerning e ects of global ocean change on
regional and local ecological processes.

EFFECTS OF GLOBAL OCEAN CHANGE
ON MARINE SENSORY PATHWAYS

In structuring our synthesis of available literature, we asked
the multi-factorial question: how do environmental factors
(e.g., ocean temperature) in uence individual steps of sensory
pathways (e.g., production) for various sensory modalities
(e.g., visual)? We focused on environmental factors that
are at the forefront of global attention (e.g., IPCC, 2013):
temperature, carbonate chemistry, oxygen, salinity, UVB,
turbidity, hydrodynamics, strati cation, and nutrients. We
identify emergent patterns across the wide breadth of our survey,
speci c to individual pathway steps and anthropogenic stressors.
In an e ort to maintain the large scope of our synthesis, we
have chosen to highlight illustrative examples in which global
ocean change may alter sensing in the marine environment
and consequently, outcomes of sensory pathways. Finally, we
interpret and apply the emergent patterns in a discussion of how
altered sensory pathways may shape ecological and evolutionary
processes. To our knowledge, this is the rst quantitative
literature review on impacts of global change on marine sensory
pathways, and the emergent patterns we identify provide unique
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insight and research directions for anticipating future impacts on
ecological processes.

For our literature search, we rst assembled a list of abiotic
ocean conditions a ected by climate change, as observed and
predicted by the Intergovernmental Panel on Climate Change
(IPCC, 2013). Then, we searched the literature to identify
studies that reported e ects of these abiotic conditions on
sensory pathways (publications through September 1, 2017,
Web of Science, all databases, Clarivate Analytics). Search
terms (N = 693; Appendix S1) included the names of the
environmental factor, the pathway step, and the sensory modality.
For this review, we targeted the rst three steps shared
by sensory pathways as described above (Figures 1B,C): (1)
production, (2) transmission, and (3) reception/processing.
The response step was not included because we are not
aware of any global change studies that evaluate decision-
making in isolation of e ects on other steps, i.e., the act of
choosing an action from a set of alternative options based on
interpretation of available sensory information. Additionally, we
focused on visual, chemical, and auditory sensory modalities,
as they have been targeted by a majority of relevant studies.
We acknowledge that mechanoreception, electroreception, and
magnetoreception are modalities of sensory ecology that are
presently understudied and represent an interesting area of
future research. Furthermore, we acknowledge that it is likely
that we did not identify all of the studies that t our criteria
because of the variety of synonymous terminology employed
to describe these studies. Next, we tabulated the number of
relevant studies based on the sensory pathway step(s) and
sensory modality a ected, and we employed the following
secondary criteria:

We included any results from freshwater studies when
evidence from marine systems was absent from the literature.
Many factors that disrupt sensory pathways in freshwater
systems can also be present in marine systems due to a
similar aqueous environmental medium and some overlap
among taxonomic groups.
We focused on organismal-based cues and thus excluded
results based on environmental cues (e.g., temperature as a
phenological cue for spawning). While we acknowledge that
global ocean change will directly a ect species that rely on
environmental conditions as cues, these scenarios are outside
the scope of this study.
We excluded e ects tied to removal of the cue/signal
producer or recipient organism. Global ocean change can
cause species distributions to shift and therefore can prevent
species from interacting, but in this case, e ects on sensory
pathways are likely not the primary underlying mechanism.
Additional Itration of results was necessary when more than
500 results were produced from a search term. We used the
Re ne by Research Area function in Web of Science to
exclude topics unrelated to our desired focus of marine and
freshwater studies (Appendix S2).

Our quantitative literature search yielded 120 studies that
document an e ect of a climate change factor on a step of

the marine sensory pathway (Figure 2). This modest number
of relevant studies, which we have partitioned across di erent
steps of the pathway and di erent modalities and which includes
ve freshwater studies, precludes a quantitative analysis of
search results. It also indicates that further investigation into
the mechanism of impact of climate change on marine sensory
ecology is needed for identifying more detailed patterns. We
found that more studies have documented impacts of climate
change on reception/processing in sensory pathways than for
other steps (Figure 2A). Sensory pathways that employ a
chemical cue/signal modality are more often a ected than
pathways that use other modalities (Figure 2B). More impacts
on sensory pathways have been documented with respect
to carbonate chemistry, temperature, and turbidity than for
other climate change stressors, for the studies we examined
(Figure 2C). Finally, there is low taxonomic diversity among
studies that document impaired sensory pathways by climate
change stressors: ray- nned shes and crustaceans dominate
taxonomic groups under consideration (Figure 2D). These
summary results of our literature review may be re ective of
generalizable impacts associated with particular climate change
factors, sensory pathway steps, and sensory modalities. In
addition, due to the small number of relevant studies available
in the literature, these results are likely shaped by disproportional
research e ortin particular study systems.

We employed our conceptual framework to identify and
interpret emergent patterns in the results of our literature
review. We interpret these patterns to highlight the potential
consequences of environmental change on sensing in the marine
environment and ecological interactions.

Production

Sensory information is produced passively in the form of cues
(e.g., metabolic waste) and intentionally in the form of signals
(e.g., mating vocalizations). Our review suggests that if an
environmental factor a ects production of a cue/signal for a
particular sensory modality (chemical, visual, auditory), then
the factor is likely to a ect production for more than one
modality. Indeed, four of the ve environmental factors that
a ected production did so for multiple modalities (Table 1). For
example, carbonate chemistry a ects the production of visual,
chemical, and auditory cues/signals (Table 1). This pattern
that an environmental factor a ects production of cues/signals
generally for multiple sensory modalities or none atall indicates
that there are generalizable mechanisms by which environmental
change impairs cue/signal production, beyond direct impacts that
are speci ¢ to individual modalities or environmental factors.
First, changes in environmental conditions can directly impact
organismal physiology, thereby a ecting cue/signal production
regardless of modality. Secondly, changes in environmental
factors can trigger changes in timing of cue/signal production.

Global Ocean Change Can Directly Impact
Organismal Physiology, Which Affects Cue/Signal
Production

Many marine organisms live in highly dynamic environments
characterized by rapid uctuations in abiotic conditions
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FIGURE 2 | Evidence for effects of global change on sensory pathways, divided b§A) pathway step, (B) sensory modality,(C) environmental factor, and(D)
taxonomic group. Relevant freshwater examples are included in the tallies where no marine studies were found: 2 in production, 3 in reception/processing, 2 in
visual, 1 in chemical, 1 in auditory, 4 in oxygen, 1 in turbidity, 3 in ray- nned shes, and 1 in amphibians. Sekable 1 for more detailed results of the literature review.

(Helmuth and Hofmann, 2001Eckman et al., 2003Hofmann  molting more often and red crabs investing in reproduction
et al.,, 2011 Cheng et al., 20)5 Although their organismal (Himes etal., 201)7A trade-o occurs because the physiological
physiology is sucient for tolerating naturally variable capacities of green and red male crabs dier. Red crabs are
environments, global ocean change may shift the mean atess able to compensate for hypoxia, exhibiting lower rates of
range of natural environmental regimes, creating novel, extremespiration and altered behavioA(drich and Reid, 1989Reid
habitat conditions and leading to physiological disturbance, suemnd Aldrich, 198%. Red crabs are also more vulnerable to low
as through stressSpkolova, 2003 and a decrease in tness.salinity stress, showing lower capacity for maintaining their
Upregulation of or shifts in physiological processes to combaemolymph osmolarity and lower survivaRéid et al., 1997
environmental stress are energetically costly to support affdherefore, under changing environmental conditions associated
require trade-o s between maintaining physiology necessary fovith climate change (i.e., increased frequency and intensity of
survival and performing other biological functions, like signahypoxic or low-salinity events), male crabs may need to molt
production. Consequently, during periods of physiological stressiore often in order to maintain physiological tolerance, but
less energy may be allocated to production, with implicatiors shorter inter-molt period means their carapaces will be, on
for respective sensory pathways and ecological interactions.dwerage, less red. In this way, maintenance of physiological
some cases, production of signals, particularly those involvealerance comes at the cost of reduced production of the visual
in sexual selection, can be prioritized at the expense of othgignal used for mating.
tness-related characters, such as growth rate, immunity, and Impacts of environmental change on sensory pathways
survival Johansson and Jones, 2007 are not limited to physiological stress. Even non-stressful
A specic example of how global ocean change can causkanges in environmental conditions can aect cue/signal
physiological stress and thus aect cue/signal production igroduction. For example, temperature aects metabolic rate
the tradeo between mating success and physiological stremsd movement. In ectothermic sh, increased temperature
associated with extreme environments, such as those tlt@n cause an increase in mating display behavi@iscfio
naturally occur in the high intertidal zone and that will alsoet al., 1985 Hess, 2010 Male guppies Foecilia reticulata
occur under climate change. Adult male European green crabajsed at higher temperatures produce mating displays at
Carcinus maenasre found with a range of carapace colors fronfiaster rates (i.e., an enlarged and quivering tail), and these
green to red. Females are more likely to mate with red malezales with faster display rates were chosen more often
than green males, controlling for siz&€id et al., 1997 The by competent femalesB(scho et al.,, 198h Similarly, an
desirable red carapace color develops between molts; crabsiaceease in vocal activity as well as changes in frequency
green post-molt and turn red as the inter-molt period increasesomposition of vocalizations with increased temperature
Thus, green and red males of equivalent size likely have di erenés been documented for several sh species (reviewed by
life history strategies, with green crabs investing in growth andadich and Schleinzer, 20115
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